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Trypanosomes have an unusual mitochondrial genome, called kinetoplast DNA, that is a giant network
containing thousands of interlocked minicircles. During kinetoplast DNA synthesis, minicircles are released
from the network for replication as -structures, and then the free minicircle progeny reattach to the network.
We report that a mitochondrial protein, which we term p38, functions in kinetoplast DNA replication. RNA
interference (RNAi) of p38 resulted in loss of kinetoplast DNA and accumulation of a novel free minicircle
species named fraction S. Fraction S minicircles are so underwound that on isolation they become highly
negatively supertwisted and develop a region of Z-DNA. p38 binds to minicircle sequences within the repli-
cation origin. We conclude that cells with RNAi-induced loss of p38 cannot initiate minicircle replication,
although they can extensively unwind free minicircles.
Kinetoplast DNA (kDNA) is the unusual mitochondrial ge-
nome of Trypanosoma brucei and related parasites (13, 15, 34).
kDNA contains several thousand minicircles and a few dozen
maxicircles catenated into a giant network. Each cell has one
network, condensed into a disk-shaped structure, residing in the
single mitochondrion. Maxicircles encode rRNAs and mRNAs
for mitochondrial proteins, such as subunits of respiratory
complexes, and minicircles encode guide RNAs that are tem-
plates for editing of maxicircle transcripts (15, 37).
The network structure of kDNA requires a complex and
unusual replication mechanism. One important feature of this
mechanism is that many of the replication proteins are local-
ized in discrete positions within or near the kDNA disk (13).
Another key feature is that replication occurs during a distinct
phase of the cell cycle, nearly concurrent with the nuclear S
phase (44). The current working model of minicircle replica-
tion is outlined in the following paragraph.
When replication begins, individual covalently closed mini-
circles are released from the network, by a topoisomerase, into
a region of the mitochondrial matrix between the kDNA disk
and the mitochondrial membrane near the flagellar basal body
(3). Within this region, called the kinetoflagellar zone, the
minicircles encounter proteins such as the origin recognition
protein (universal minicircle sequence binding protein
[UMSBP]) (1, 39), primase (12), and two DNA polymerases
(11). Interaction of these and other proteins with the minicircle
promotes unidirectional replication as -structures (26). The
progeny minicircles are thought to segregate in the kineto-
flagellar zone and then migrate to two antipodal sites, protein
assemblies flanking the kDNA disk and positioned 180° apart
(7). Within the antipodal sites, the next steps of replication
occur. These include removal of RNA primers by structure-
specific endonuclease-1 (6), filling in most (but not all) of the
gaps between Okazaki fragments by DNA polymerase  (38),
and sealing the resulting nicks by DNA ligase k (2). Then a
topoisomerase II reattaches the progeny minicircles, still con-
taining at least one gap, onto the network at peripheral loca-
tions adjacent to the antipodal sites (18, 41). When all mini-
circles have replicated and the minicircle copy number has
doubled, the remaining gaps are repaired by DNA polymerase
-PAK (29) and ligase k (2). The double-size network then
splits in two, and the progeny networks segregate into the
daughter cells during cytokinesis (23). For reviews on kDNA
replication, see references 13 and 34.
Trypanosomes are among the earliest-branching eukaryotes
with mitochondria (35), explaining why their mitochondrial
DNA and its replication scheme are so different from those in
mitochondria of higher eukaryotes. For example, the genome
predicts only a few mitochondrial proteins homologous to rep-
lication proteins in other species. However, there must be
many more proteins involved in kDNA replication. Some must
play conventional roles (e.g., functioning at the minicircle or
maxicircle replication fork), but others must be involved in
processes specific to replication of a network. Some proteins
in the latter group may have little homology with proteins in
other species.
We therefore used a proteomics approach to discover new
kDNA replication proteins, and one candidate, p38, is the
subject of this study. RNA interference (RNAi) of p38 causes
kDNA loss, indicating a role in kDNA replication or mainte-
nance; it also leads to accumulation of a novel minicircle spe-
cies, fraction S, that is extensively underwound. On isolation,
fraction S becomes highly supertwisted and develops a region
of Z-DNA. Finally, we discuss how p38, which we found to
bind sequences in the replication origin, may function in initi-
ation of minicircle replication. p38 has been studied before in
several trypanosomatid species, including T. brucei (5, 8, 30); in
the Discussion, we will contrast our studies with previous work.
MATERIALS AND METHODS
Trypanosome growth and transfection. T. brucei procyclic strain TREU 927
was grown at 27°C in SDM-79 (1a) containing 10% fetal bovine serum. Procyclic
strain 29-13 (from G. Cross, Rockefeller University), which constitutively ex-
presses the T7 RNA polymerase and the tetracycline repressor (43), was cultured
and transfected as described previously (42). Cell lines were cloned by limiting
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dilution. Procyclic strain YTat1.1 (from E. Ullu, Yale University) was cultured
and transfected as described previously (11).
Isolation and identification of mitochondrial DNA binding proteins. Mito-
chondria were isolated from 1.6  1010 log-phase cells (strain TREU 927) (28).
Mitochondrial vesicles (10 mg protein) were suspended in 1 ml buffer A (20
mM Tris-HCl, pH 8.0, 10 mM MgCl2, 1 mM CaCl2, 0.5 mM dithiothreitol [DTT],
50 mM KCl, 1 mg/ml Pefabloc, 50 g/ml antipain, 10 g/ml E-64), lysed with
0.5% Triton X-100, and clarified by centrifugation (12,000  g, 20 min, 4°C) (25).
The supernatant was treated with 200 U/ml DNase I for 1 h on ice. NaCl was
then added to a final concentration of 1.5 M, and incubation continued for
another 1 h on ice, followed by overnight dialysis against buffer B (10 mM
Tris-HCl, pH 8.0, 1 mM DTT, 200 mM NaCl, 5 mM EDTA, 1 g/ml leupeptin,
0.5 mM phenylmethylsulfonyl fluoride, 5% glycerol) at 4°C. The DNA-depleted
extract (1 ml) was loaded onto either a 1-ml single-stranded DNA (ssDNA)–
agarose (Pharmacia) or double-stranded DNA (dsDNA)–cellulose column
(Pharmacia) equilibrated with buffer B at 4°C. Proteins were eluted with a step
gradient consisting of 1 ml each of 0.3 M, 0.5 M, 0.6 M, 0.8 M, 1.0 M, and 2.0 M
NaCl in buffer B. An aliquot of each fraction (10 l) was assayed by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) (12% gel) and
silver staining. DNA binding proteins (derived from 8  109 cells; 95% eluted
in the 0.5 M and 0.6 M NaCl fractions) were pooled, concentrated by evaporation
under a N2 stream, and overloaded onto a single lane (77 mm2) of an SDS-
polyacrylamide gel (12% gel). After the gel was stained with colloidal blue
(Invitrogen), it was sliced into 10 fractions. Proteins in each slice were reduced
and alkylated, trypsin digested in the gel, and concentrated by lyophilization to
20 l (33). Samples were injected onto a reverse-phase trap column (YMC,
octyldecyl silane A; Kanematsu USA Inc., New York, NY). Then, the peptides
were eluted from the trap onto an analytical reverse-phase column (Vydac
MS218; Vydac, Columbia, MD) where they were separated. Peptides were an-
alyzed using an ion-trap mass spectrometer (LCQ Deca Plus; Thermoquest, San
Jose, CA) or a quadrupole time of flight mass spectrometer (QTOF US-API;
Micromass, Manchester, United Kingdom), both equipped with electrospray
sources (Proxeon A/S, Odense, Denmark). Peptides were identified using the
Mascot search engine (Matrix Science, United Kingdom) from the T. brucei
genome database downloaded from The Institute for Genomic Research and
GeneDB (August 2005) (22).
Plasmid constructs. To generate p38 fusion protein with C-terminal green
fluorescent protein (GFP), the p38-coding region was amplified using T. brucei
TREU 927 genomic DNA as the template with primers 5	-CGGTAAGCTTAT
GTTCCGAAGGCTC-3	 and 5	-CGGACGCTAGCCTGGACAAAGAG-3	.
The PCR products were digested with HindIII/NheI and ligated into the corre-
sponding sites of pXSGFPM3FUS (from C. Tschudi, Yale University) (16).
For RNAi experiments, a 500-bp fragment of p38-coding sequence was am-
plified using primers 5	-CGGTAAGCTTATGTTCCGAAGGCTC-3	 and 5	-G
CCGTCGACGGATGTGTCATG-3	 and then ligated into the inducible RNAi
vector pZJM (42).
RNA purification and Northern analysis. Total RNA, purified from 5  107
log-phase cells using the Purescript RNA isolation kit (Gentra System), was
fractionated on a 1.5% agarose-7% formaldehyde gel. p38 mRNA was detected
on a Northern blot with a 32P-labeled probe made by random priming of the
same 500-bp fragment used in the pZJM construct.
Gel electrophoresis and electroelution of DNA. Electrophoresis was conducted
in a 1.5% agarose gel (20  25  0.5 cm) cast and run (18 h, 70 V) in 1
Tris-borate-EDTA (TBE) buffer. The gel and buffer contained 1 g/ml ethidium
bromide unless indicated otherwise. For neutral/alkaline two-dimensional gel
electrophoresis, conditions for the first dimension were the same as those just
described. After the first dimension, the gel was soaked in 500 ml of 50 mM
NaOH and 1 mM EDTA (three times, 20 min each time) and subsequently in 500
ml of 30 mM NaOH and 2 mM EDTA (two times, 30 min each time). After
electrophoresis in the latter solution (20 h, 25 V), the gel was neutralized in 1.0
M Tris-HCl, pH 7.4, and 0.15 M NaCl for 30 min, soaked in 0.2 M HCl (15 min,
room temperature, for partial depurination of the DNA), treated with 0.5 M
NaOH for 45 min, and finally neutralized again for 45 min prior to transfer of the
DNA to a GeneScreen Plus membrane.
Electroelution of DNA from agarose gel slices was performed in 0.25 TBE
buffer in dialysis bags (2 h, 120 V). After extraction with water-saturated n-
butanol (five times) to remove ethidium bromide, the DNA was ethanol precip-
itated and redissolved in Tris-EDTA (TE) (pH 8.0).
Isolation of DNA, DNA probes, and Southern blots. Total DNA purification
for free minicircle analysis was described previously (41). The probe was a
complete minicircle sequence amplified from pJN6 (20). pJN6 contains the
Trypanosoma equiperdum minicircle sequence, which has a 100-bp sequence
found in all T. brucei minicircle species. The maxicircle probe was amplified from
total cellular DNA with primers 5	-CTAACATACCCACATAAGACAG-3	 and
5	-ACACGACTCAATCAAAGCC-3	. Trypanosome hexose transporter probe
(used as a loading control) was amplified using primers 5	-ATGACTGAGCGT
CGTG-3	 and 5	-TTAGTTCCGCGGAGATG-3	. For strand-specific minicircle
hybridization, the synthetic oligonucleotide 5	-GGGCGTGCAGATTTCACCA
TACACAAATCCCGTGCTATTTT-3	 or 5	-AAAATAGCACGGGATTTGT
GTATGGTGAAATCTGCACGCCC-3	 that hybridizes to the light strand (L-
strand) or heavy strand (H-strand), respectively, were 5	 end labeled using T4
polynucleotide kinase.
Large-scale purification of free minicircles. Cells (8  109) from a 1-liter
culture were centrifuged (Sorvall GS-3 rotor, 6,084  g, 10 min, 4°C), washed
with 30 ml NET-100 (100 mM NaCl, 100 mM EDTA, 10 mM Tris-HCl, pH 8.0),
and lysed in 20 ml of NET-100 containing 0.5% SDS and 0.2 mg/ml proteinase
K (56°C, 40 min). RNase A (1 ml, 10 mg/ml) was added, and incubation was
continued (37°C, 30 min). Lysate (six tubes, 3.5 ml/tube) was then loaded on a
34-ml, 5 to 20% sucrose gradient (10 mM Tris-HCl, pH 8.0, 1 mM EDTA, 1 M
NaCl) and centrifuged (Beckman SW28 rotor, 25,000 rpm, 20 h, 4°C). Fractions
(1 ml) were collected from the top of the gradient, and 10 l of each fraction
was assayed by agarose gel electrophoresis and Southern blotting using a
minicircle probe. Fractions containing free minicircles (total volume, 120
ml) were pooled and concentrated by five extractions with n-butanol. After
phenol and chloroform extraction, the DNA was ethanol precipitated and
redissolved in 50 l of TE.
Metabolic labeling of minicircles with BrdU. After RNAi for 2 days, a culture
(500 ml, 7  106 cells/ml) was treated with 50 M bromodeoxyuridine (BrdU)
and 50 M 2	-deoxycytidine (the latter added to overcome a possible inhibition
of the cell’s ribonucleotide reductase by a high concentration of BrdU triphos-
phate) (24). After incubation (27°C, 40 min), total free minicircles were isolated
as described above. The entire sample was loaded into one well of a 1.5%
agarose gel. After one-dimensional or neutral/alkaline two-dimensional gel elec-
trophoresis, DNA was transferred onto a nitrocellulose membrane (Protran;
Schleicher & Schuell). The membrane was blocked for 30 min with 0.1% nonfat
milk in TST (20 mM Tris-HCl, pH 8.0, 137 mM NaCl, 0.1% Tween 20) and then
incubated for 2 h with mouse anti-BrdU monoclonal antibody (1:1,000; Dako) in
TST with 0.1% nonfat milk. After the membrane was washed with TST (three
times, 10 min each time), it was incubated for 1 h with donkey anti-mouse
antibody conjugated with horseradish peroxidase (1:5,000; Jackson Immuno-
Research) in TST with 0.1% nonfat milk. After the membrane was washed with
TST (three times, 10 min each time), the BrdU label was detected by an ECL
Western blotting detection system (Amersham Bioscience).
Immunoprecipitation with anti-Z-DNA antibody. Total free minicircles (de-
rived from 20 ml culture) were mixed gently with 50 l protein G Sepharose FF
suspension (50% slurry; Amersham Bioscience) in 500 l binding buffer (50 mM
Tris-HCl, pH 8.0, 150 mM NaCl, 1 mM EDTA) for 1 h at 4°C. After centrifu-
gation (0.5 min, 12,000  g), the supernatant was mixed with 6 g anti-Z-DNA
antibody (ab1995, Abcam Co.; 1 h, 4°C). Protein G beads (50 l) were then
added again (1 h, 4°C). After centrifugation (0.5 min, 12,000  g), the pellet was
washed three times with 1 ml binding buffer, resuspended in 30 l sample buffer
(50 mM Tris-HCl, pH 8.0, 1% SDS), and incubated at room temperature for 30
min. The supernatant, containing DNA eluted from the antibody, was analyzed
by agarose gel electrophoresis and Southern blotting.
Fluorescence microscopy and EM. Fluorescence microscopy was described
previously (11). For electron microscopy (EM) of thin sections, cells uninduced
for RNAi or induced for 4 days were harvested, suspended in phosphate-buffered
saline, and allowed to adhere to a six-well plate coated with poly-L-lysine (10 min,
room temperature). The cells were then fixed with 2% glutaraldehyde, 2%
formaldehyde in 100 mM HEPES, pH 7.4, and 3 mM CaCl2 for 1 h, treated with
1% OsO4 (1 h, 4°C), and stained with 2% uranyl acetate for 30 min. The cells
were dehydrated in graded ethanol and embedded in Eponate 12 resin (Ted
Pella Inc.). Thin sections (70 nm) were cut on a Reichert-Jung Ultracut E
microtome. All images were taken on a Philips CM 120 transmission electron
microscope at 80 kV.
DNA for EM visualization was purified as described above under “Large-scale
preparation of free minicircles.” After electroelution from an agarose gel (the
sample per lane contained 4  109 cell equivalents from 500 ml of cell culture),
the DNA was ethanol precipitated and dissolved in 50 l of TE. Preparation of
DNA for EM was as described previously (9). Briefly, samples (2  109 cell
equivalents) were passed over a 2-ml column of 2% agarose beads (Agarose
Bead Technology, Colna, Portugal) equilibrated with 10 mM Tris-HCl, pH 7.5,
and 0.1 mM EDTA, and the fractions containing DNA were mixed with buffer
containing 2 mM spermidine and 150 mM NaCl. The samples were applied to
glow charged carbon foils for 30 seconds, washed in a graded water-ethanol
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series, air dried, and rotary shadowcast with tungsten at 10
7 torr. For the
anti-Z-DNA antibody binding experiment, fraction S was mixed with 3.5 g
anti-Z-DNA antibody (30 min, 0°C), fixed with 0.6% glutaraldehyde (5 min,
room temperature), passed over a 2-ml agarose bead column as described above,
and prepared for EM as described above. For the single-strand binding protein
(SSB) binding experiment, fraction S was mixed with Escherichia coli SSB
protein (purified in the laboratory of J. D. Griffith) at 2 g/ml (15 min, 0°C).
Then HEPES, pH 7.5, was added to 20 mM, followed by glutaraldehyde fixation
and preparation for EM as described above. Samples were examined in an FEI
Tecnai 12 transmission electron microscope at 40 kV. Images were taken on a
Gatan slow-scan charge-coupled device camera (4,000  4,000 pixels). Images
were arranged for publication using Adobe Photoshop.
FIG. 1. Effects of p38 RNAi. (A) Effect of RNAi (induced on day 0) on cell growth. The number of parasites/milliliter on the y axis is the
measured value times the dilution factor. (Inset) Northern blot showing the effect of RNAi (40 h) on p38 mRNA level. Ethidium bromide-stained
rRNA is a loading control. The slight increase in cell density at day 11 is due to recovery from RNAi. (B) Effect of RNAi on kinetoplast size. DAPI
staining shows kinetoplasts from cells without RNAi or after 6 days of RNAi. n, nucleus; k, kinetoplast. Bar, 5 m. (C) Kinetics of kDNA loss as
determined by visual analysis of images like those in panel B (300 randomly selected cells were analyzed each day). The increase in normal-size
kDNA network at days 7 and 8 is due to recovery from RNAi. (D) Kinetics of kDNA loss determined by Southern blotting of total minicircles and
maxicircles. After digestion with HindIII/XbaI, total cellular DNA (5  105 cell equivalents/lane) was fractionated on a 1.5% agarose gel containing
ethidium bromide. Southern blots were probed for a maxicircle fragment (Maxi), a minicircle fragment (Mini), and a hexose transporter fragment
as a loading control (Load). The 1-kb minicircle species was the dominant band in the digestion product of the heterogeneous minicircles; smaller
fragments disappeared at the same rate as the 1-kb fragment. The positions of 1.4- and 1.0-kb molecular size markers are shown to the left of the
gels. (E) EM of cells without RNAi or after 4 days of RNAi. k, kinetoplast, b.b., basal body. Bar, 200 nm.
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Treatment of minicircles with topoisomerases. Gel-purified DNA (from 1 
107 to 2  107 cells) was used for each reaction mixture. For topoisomerase II
reactions, DNA was incubated (15 min, 30°C) with 10 U human topoisomerase
II (USB) in reaction buffer supplied by the manufacturer. For topoisomerase I
reactions, DNA was incubated (30 min, 37°C) with 8 U wheat germ topoisom-
erase I (Promega) in reaction buffer (50 mM Tris-HCl, pH 7.5, 50 mM NaCl, 0.1
mM EDTA, 1 mM DTT, 20% glycerol). Alternatively, DNA was incubated (30
min, 37°C) with 4 U E. coli topoisomerase I in reaction buffer (NEB). For gyrase
reactions, DNA was incubated (1 h, 37°C) with 4 or 8 U E. coli gyrase in reaction
buffer (TopoGEN, Inc.).
Purification of GST-p38 and electrophoretic mobility shift assay (EMSA). To
favor high-level expression of p38, the coding sequence (minus the first 15 amino
acids which make up a predicted mitochondrial targeting signal) was completely
changed by PCR to convert codons to those preferred by E. coli (a strategy used
by Sbicego et al. [30]). This sequence was cloned into pGEX 6P-2 (Pharmacia)
and transformed into the E. coli BL21 strain. Expression and purification
conditions were described by the manufacturer. Most of the expressed pro-
tein was in inclusion bodies, but purification of soluble protein yielded about
1 mg from a 500-ml culture. Despite numerous attempts, we were unable to
remove the glutathione S-transferase (GST) tag by proteolysis. GST-p38
concentrations were estimated using the Bradford assay with bovine serum
albumin as a standard.
DNA oligonucleotides were synthesized and purified by high-performance
liquid chromatography by Operon Technologies, Inc. Concentrations of oligo-
nucleotides were determined by A260 measurement. After the oligonucleotides
were radiolabeled with polynucleotide kinase, the 32P-labeled oligonucleotide
was purified on an Amersham MicroSpin G-50 column with 85% recovery.
Recombinant GST-p38 was incubated (room temperature, 30 min) with 32P-
labeled oligonucleotides in 20 l binding buffer (25 mM Tris-HCl, pH 7.5, 1 mM
DTT, 10% glycerol, 50 mM KCl) containing 1 g poly(dI-dC) and 10 g bovine
serum albumin. The mixture was electrophoresed in a 5% nondenaturing poly-
acrylamide gel (1:40 bisacrylamide:acrylamide) in 0.5 TBE buffer (4°C, 16
V/cm, 1.5 h). Gels were dried and exposed to X-ray film. For the Scatchard plot,
bands were quantitated on a Fuji phosphorimager.
RESULTS
Isolation and identification of mitochondrial DNA binding
proteins. We used a proteomics approach to search for new
kDNA replication proteins. Assuming that some replication
proteins bind DNA, we extracted soluble proteins from iso-
lated mitochondria and used DNA affinity chromatography to
purify those that bind DNA. Many proteins eluted from the
DNA column between 0.5 M and 0.6 M NaCl, and we frac-
tionated these by SDS-PAGE. We sliced the gel into 10 seg-
ments, subjected the proteins in each segment to trypsin
digestion in the gel, and analyzed the peptides by liquid chro-
matography and tandem mass spectrometry. We identified
candidate replication proteins by showing that RNAi silencing
caused kDNA loss as visualized by 4	,6-diamidino-2-phenyl-
indole (DAPI) staining (2, 11, 14, 41). Analysis of some of the
identified proteins is still under way, and the overall results of
this study will be published elsewhere.
In this paper we focus on one protein identified by this
strategy, which we call p38 (GenBank accession number
AAO39843). p38, containing 338 amino acid residues, bound
to both ssDNA-agarose and dsDNA-cellulose, and we identi-
fied 15 of its tryptic peptides. The PSORT II software predicts
a mitochondrial targeting signal. We chose p38 for study be-
cause of its striking RNAi phenotype (see below).
Effects of p38 RNAi. To study p38’s function, we used the
pZJM RNAi vector that produces dsRNA upon induction with
tetracycline. We found a 90% reduction of mRNA after 40 h
(Fig. 1A, inset). The cells stopped growing after 4 or 5 days of
RNAi, proving that p38 is essential for cell growth (Fig. 1A).
RNAi of other replication proteins causes kDNA loss (2, 11,
14, 41), and we found using DAPI staining that p38 RNAi also
caused shrinking and disappearance of the kDNA network. In
Fig. 1B, the top panel shows DAPI-stained cells (no RNAi)
with a normal nucleus and kinetoplast. In contrast, the bottom
panel (6 days of RNAi) shows that most cells have lost the
kinetoplast. The kinetics of kDNA network shrinking and loss
is shown in Fig. 1C. We also assessed kDNA loss by Southern
blotting of restriction digest products of total DNA prepared
daily following RNAi induction. Minicircles and maxicircles
were lost at comparable rates (Fig. 1D). EM of thin sections
provided further evidence for RNAi-induced shrinking of
kDNA (Fig. 1E). Instead of the typical disk-shaped kinetoplast
found in cells uninduced for RNAi (shown in cross-section in
the left-hand panel), most cells had no detectable kDNA after
RNAi for 4 days. In a few cells, the kDNA apparently had
shrunk into a smaller, more disordered structure (right-hand
panel). We concluded that this structure is a residual kineto-
plast because of its location within the mitochondrial double
membrane and its proximity to the basal body.
On the basis of the results in Fig. 1, we concluded that p38
functions in kDNA replication or maintenance.
Intramitochondrial localization of p38. Most kDNA repli-
cation proteins localize to specific positions near the kDNA
disk (13). To localize p38, we stably expressed a p38-GFP
fusion protein. Since expression is mediated by a strong pro-
cyclin promoter, the concentration of fusion protein could
be higher than that of endogenous p38. After the cells were
stained with DAPI, we examined the cells by fluorescence
microscopy. We found that p38, which appeared present at a
low level throughout the mitochondrion, is specifically en-
riched within or near the antipodal sites flanking the kDNA
disk (Fig. 2).
Effect of p38 RNAi on free minicircle intermediates. As
described in the introduction, minicircles replicate after they
are released from the network; the progeny free minicircles
then reattach to the network. If p38 were involved in kDNA
FIG. 2. Localization of p38-GFP. Live cells stably expressing p38-
GFP fusion protein were stained with DAPI and analyzed by fluores-
cence microscopy. (Inset) Enlargement of merged picture showing
localization of p38-GFP. Bar, 2 m.
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FIG. 3. Effect of RNAi on free minicircle replication intermediates. (A) Total DNA (106 cell equivalents/lane) was fractionated on a 1.5%
agarose gel in TBE buffer (in this experiment, the gel but not the running buffer contained 1 g/ml ethidium bromide). After Southern blotting,
free minicircles were detected by hybridization with a pJN6 probe and autoradiography. The reappearance of free minicircles at day 9 is due to
recovery from RNAi. The positions of molecular size markers (in kilobases) are shown to the left of the gels. (B to E) Cells (after 2 days of RNAi)
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replication, RNAi may alter the population of free minicircle
replication intermediates. We therefore extracted total DNA
from RNAi-treated cells, fractionated it on an agarose gel in
the presence of ethidium bromide, and identified free mini-
circle species by hybridizing a Southern blot with a minicircle
probe (Fig. 3A). Prior to RNAi (day 0), there are comparable
levels of covalently closed (replication precursors) and gapped
free minicircles (replication products). Both species appeared
to increase in abundance during the early stages of RNAi,
reaching a maximum at day 2. The apparent increase in gapped
minicircles is actually due to the appearance of a comigrating
species (covalently closed dimers) described below under “Fur-
ther characterization of fraction S.” Then, in parallel with the
shrinking of the kDNA network, the free minicircle abundance
declined. Most significantly, RNAi caused accumulation of a
heterogeneous population of minicircle species (fraction S)
migrating between covalently closed and gapped minicircles
(most prominent on days 2 to 4). The electrophoretic mobility
of fraction S increased slightly between days 2 and 4 of RNAi.
Does fraction S contain newly synthesized strands? We next
conducted a pulse-labeling experiment to determine whether
fraction S contains newly synthesized strands. DNA in procy-
clic trypanosomes does not label with tracer concentrations of
[3H]thymidine, possibly because they lack a high-affinity trans-
porter for this nucleoside. As an alternative, we labeled cells
(after 2 days of RNAi) for 40 min with a high concentration (50
M) of BrdU, a thymidine analog. These conditions result in
labeling of kDNA (24). We fractionated free minicircles from
a 500-ml culture on an agarose gel containing ethidium bro-
mide. Covalently closed minicircles, nicked/gapped minicircles,
and fraction S were detected by ethidium bromide staining
(Fig. 3B) or by Southern blotting (Fig. 3C). By probing the blot
with anti-BrdU antibody, we determined which species had
incorporated BrdU during the pulse-labeling (Fig. 3D). As
expected, covalently closed free minicircles (a replication pre-
cursor) did not label, but nicked/gapped species (replication
products) labeled strongly. Other labeled species will be dis-
cussed below. Fraction S does not label, indicating that it does
not contain newly synthesized strands. The weak, relatively
sharp band comigrating with fraction S is a knotted gapped
minicircle that is labeled in its newly synthesized L-strand (27,
32). We provided further evidence supporting the identity of
labeled species by two-dimensional electrophoresis in which
the second dimension was run in 30 mM NaOH (Fig. 3E). The
nicked/gapped minicircles (labeled e in Fig. 3E) consist of 1-kb
and smaller species as shown previously (26). -Structures
form a diagonal of newly synthesized L-strand molecules (la-
beled d in Fig. 3E) (26). The diagonal at the bottom of the gel
(labeled g in Fig. 3E) most likely is a family of newly synthe-
sized L-strands displaced from nicked -structures by branch
migration (this diagonal hybridizes with the H-strand probe,
but not the L-strand probe). From the BrdU labeling experi-
ments, we conclude that fraction S minicircles do not contain
newly synthesized strands.
Further characterization of fraction S. Figure 3F shows two-
dimensional gels (like that in Fig. 3E) of free minicircles from
uninduced cells (no RNAi) and from cells that had undergone
RNAi for 4 days. The blots were probed separately for L-
strand (the leading strand) and H-strand (the lagging strand)
(Fig. 3F). As expected for cells not undergoing RNAi (Fig. 3F),
the nicked/gapped and covalently closed minicircles hybridized
equally with both strands. There was also hybridization to a
smear of the well-characterized multiply gapped minicircles
which contain a 1-kb circular L-strand template and 0.1-kb
Okazaki fragments (the latter are detected on a longer expo-
sure of the H-strand blot of the no-RNAi minicircles) (26).
Comparison of the blots for no RNAi and 4 days of RNAi
revealed an RNAi-mediated decline in nicked/gapped and
multiply gapped free minicircles as well as the -structures (the
latter were detectable only on longer exposures). The two-
dimensional gels also revealed an increase in covalently closed
dimer (much more prominent after 2 days of RNAi; note
that the nicked/gapped minicircles virtually comigrate with co-
valently closed dimers on the one-dimensional gel in Fig. 3A).
The dimer species was characterized by its topoisomerase II-
mediated conversion to covalently closed monomer (data not
shown). Longer exposures of gels of DNA after 4 days of RNAi
also revealed a ladder of species likely to be covalently closed
trimers, tetramers, and larger oligomers (data not shown). As
these species did not label with BrdU (Fig. 3E), it is likely that
they are products of RNAi-mediated network breakdown.
The most important conclusion from the two-dimensional
gel in Fig. 3F concerns fraction S minicircles. Fraction S mini-
circles contain both H- and L-strands in the 1-kb size range,
and they are in approximately equimolar ratio. We could de-
tect no small fragments (e.g., the short linear strands from a
D-loop) derived from fraction S, even with longer exposures.
What is the structure of fraction S minicircles? We next
treated a gel-purified preparation of fraction S minicircles
(from 2 and 4 days of RNAi) with human topoisomerase II,
wheat germ topoisomerase I, or E. coli topoisomerase I. Each
enzyme converted fraction S to a species migrating with co-
valently closed, relaxed minicircles, suggesting that fraction S is
a supertwisted molecule (Fig. 4A). Since E. coli topoisomerase
I cannot relax positive supertwists (40), fraction S must contain
negative supertwists. However, fraction S migrated slower than
minicircles that had been negatively supertwisted by DNA gy-
rase on gels either with or without ethidium bromide (Fig. 4B).
Doubling the amount of gyrase did not affect mobility on the
non-ethidium-bromide gel. The fact that fraction S migrates
were labeled for 40 min with 50 M BrdU. Free minicircles from a 500-ml culture were used for the single lane in the gels shown in panels B, D,
and E. (B) Ethidium bromide (EB) staining of total free minicircles. (C) Southern blot (106 cell equivalents/lane) of total free minicircles. (D and
E) BrdU label was detected by probing with anti-BrdU antibody. 1st Dim. (TBE-EB), first dimension (TBE-ethidium bromide); 2nd dim., second
dimension; a, genomic DNA; b and c, catenated minicircles; d, -structures; e, gapped/nicked minicircles; f, knotted minicircles; g, branch migration
products from  structures. (F) Total DNA from 3  107 uninduced (no RNAi) or induced cells (4 days of RNAi) were fractionated on a
two-dimensional gel. Strand-specific hybridizations were conducted with synthetic oligonucleotide probes. The scales below the panels indicate the
sizes of linear markers in the second dimension. , -structure; S, fraction S; ccD, covalently closed dimer; N/G, nicked/gapped minicircles; C.C.,
covalently closed minicircles; C.M., catenated minicircles; M.G., multiply gapped minicircles; L.C., loading control.
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slower than gyrase-treated minicircles suggests an unconven-
tional structure.
We therefore used EM to examine the structure of fraction
S minicircles isolated from cells that had undergone RNAi for
2 days. EM revealed that they are highly supertwisted and
usually have a branched configuration (Fig. 5B, compare with
relaxed minicircles in Fig. 5A). Direct counting of enlarged
images revealed that there are 15  3 strand crossovers in each
fraction S minicircle (n  14).
If fraction S molecules were severely underwound, they
might even have regions of left-handed helix. To test this
possibility, we immunoprecipitated fraction S minicircles with
anti-Z-DNA antibody. As shown in Fig. 4C, fraction S, but not
covalently closed or gapped/nicked minicircles, was nearly
FIG. 4. Analysis of fraction S. Samples (gel purified from 1  107 to 2  107 cells) were run on a 1.5% agarose gel with 1 g/ml ethidium
bromide (unless otherwise indicated), and minicircle species were detected on a Southern blot. (A) Effects of topoisomerases. Gel-purified fraction
S (after 2 or 4 days of RNAi) was treated with () or without (
) human topoisomerase II, wheat germ topoisomerase I, or E. coli topoisomerase
I. H.s. Topo II, Homo sapiens topoisomerase II; W.g. Topo I, wheat germ topoisomerase I; E.c. Topo I, E. coli topoisomerase I. (B) Comparison
of electrophoretic mobility of gyrase-treated minicircles with fraction S (the left-hand panels show gels with ethidium bromide [EB gel], and the
right-hand panel shows a gel without ethidium bromide [Non-EB gel]). (C) Immunoprecipitation of fraction S. Total minicircles (T) were treated
with anti-Z-DNA antibody and then with protein G-Sepharose FF. Minicircles were from the supernatant (S) and pellet (P). The positions of
nicked/gapped minicircles (N/G), fraction S (S), and covalently closed minicircles (C.C.) are shown at the sides of the gels.
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quantitatively immunoprecipitated. We confirmed antibody
binding by EM (Fig. 5C). Among 189 molecules, 89 were
bound with anti-Z-DNA antibody. There was only one anti-
body binding site on each molecule, implying that only one
region of the minicircle has a Z-DNA conformation.
To examine whether unpaired regions exist in these highly
underwound molecules, we used EM to test whether fraction S
binds E. coli SSB. Among 42 minicircle molecules examined,
31 were supertwisted and 11 had become relaxed. Of these 42,
14 had one or more SSB molecules bound. The examples in
Fig. 5D were photographed after storage for a day at 4°C, and
many had relaxed due to adventitious nicking. From all of
these data, we conclude that fraction S minicircles in vivo are
so severely underwound that following isolation, they develop
not only negative supertwists but also unpaired regions and a
region of Z-DNA.
Binding of p38 within the minicircle replication origin. To
further evaluate p38’s function, we studied the binding of a
recombinant fusion protein, GST-p38, to minicircle sequences
(see Fig. 6A for SDS-PAGE of GST-p38). Although T. brucei
minicircles are heterogeneous in sequence (10), they have a
conserved region of about 100 bp that contains the replication
origin. We used EMSA to measure p38 binding to single-
stranded oligonucleotides derived from the conserved region.
The map in Fig. 6B shows the locations of the oligonucleotides
tested and the start sites of the leading strand (complementary
to the universal minicircle sequence [UMS]) and the first
Okazaki fragment (complementary to the conserved hexamer).
As shown in Fig. 6C, p38 binding occurs to two oligonucleo-
tides. One contains the UMS (oligonucleotide a	), and the
other contains the conserved hexamer (oligonucleotide c).
Competition studies (with nonradioactive oligonucleotide d
FIG. 5. EM of minicircles. (A) Relaxed minicircles; (B) fraction S minicircles; (C) fraction S bound to anti-Z-DNA antibody; (D) fraction S
bound to SSB. Bar, 50 nm.
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FIG. 6. DNA binding assays (EMSA) using recombinant GST-p38. Samples were analyzed by nondenaturing 5% PAGE and autoradiography.
(A) SDS-PAGE of purified GST-p38. The positions of molecular mass markers (in kilodaltons) are shown to the left of the gel. (B) Map of the
conserved region of minicircles. UMS and HEX are the start sites for the leading and lagging strands (dashed lines). Solid lines with arrowheads
represent single-stranded oligonucleotides used for EMSA. (C) The oligonucleotides and sequences are as follows: a, 5	-GTATTACACCAAC
CCCTTTCGAAGTACCTCGGACC-3	; a	, 5	-TTTGAGGTCCGAGGTACTTCGAAAGGGGTTGGTGTAAT-3	(UMS underlined); b, 5	-AA
AAATGCCCCAAAATAGCACGGGATTTGTGTATG-3	; b	, 5	-CATACACAAATCCCGTGCTATTTTGGGGCATTTTT-3	; c, 5	-GGGATT
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[unrelated to minicircles]) showed that binding to both oligo-
nucleotides is specific (Fig. 6D). Binding to short oligonucleo-
tides (oligonucleotides g and h in Fig. 6C) which contain UMS
or conserved hexamer sequences was undetectable, as was
binding to dsDNA produced by annealing fragments a and a	
(double-stranded oligonucleotide e) or fragment c and its com-
plement j (double-stranded oligonucleotide f). GST-p38 also
bound oligonucleotide poly(dT-dG) (oligonucleotide i) as de-
scribed previously (5). Increasing the concentration of GST-
p38 in the binding assay produced increasing levels of a single
GST-p38-DNA complex (Fig. 6E). The KDs for oligonucleo-
tides a	 and c, determined from a Scatchard plot (Fig. 6F) were
2.3  10
10 M and 8.1  10
10 M, respectively. For oligonu-
cleotide poly(dT-dG), the KD was 3.4  10

10 M. These ex-
periments indicate that p38 mediates its effect on minicircle
replication by binding to specific sites within the replication
origin.
DISCUSSION
Using proteomics, we discovered a new protein, p38, that is
involved in kDNA replication. Orthologs of this protein have
been studied in related parasites. p38 (previously named
RBP38) from Leishmania tarentolae or T. brucei has been re-
ported to be an RNA binding protein whose function is to
stabilize mitochondrial RNAs (30). Our experiments did not
address this possibility. p38 has also been proposed to regulate
nuclear gene expression in Trypanosoma cruzi by binding
poly(dT-dG) sequences (5) or the telomeric G-rich strand (8).
Again, we have not studied these proposed functions [except
for confirming poly(dT-dG) binding (Fig. 6C)], but our inabil-
ity to detect p38 in the nucleus raises questions about the
functions.
We found that RNAi silencing of p38 results in loss of
kDNA (both minicircles and maxicircles) and free minicircle
replication intermediates. However, there was a transient ac-
cumulation (mostly at day 2) of covalently closed minicircle
monomers and dimers, but not of the nicked/gapped species.
The accumulation of covalently closed monomers is likely due
to blockage of initiation of minicircle replication after RNAi,
and that of the dimer (and larger oligomers visible in Fig. 3A)
could be due to fragmentation of the network. Most impor-
tantly, there was the appearance of a novel free minicircle
species, not detectable in wild-type cells, named fraction S.
Fraction S does not label metabolically during a 40-min pulse
with BrdU, indicating that it is not a replication product. In-
stead, it is a highly underwound species that on isolation be-
comes extensively supertwisted.
Counting strand crossovers in molecules like those in Fig. 5B
yielded a value of 15  3 per 1-kb minicircle. In a previous
study of molecules of superhelical density in the range of

0.07, the number of crossovers detected by EM roughly
equals the number of supertwists (36). This relationship is not
established for highly twisted molecules like fraction S mini-
circles, and therefore, we can conclude only that supertwist-
ing is extreme. In fact, negative supertwisting cannot com-
pensate for the extensive unwinding in vivo of fraction S
molecules. In addition to supertwisting, fraction S molecules
isolated on gels also contain a region of Z-DNA (as established
by immunoprecipitation with anti-Z-DNA antibody [Fig. 4C]
and by EM of the DNA-antibody complexes [Fig. 5C]). As
expected, gapped or relaxed covalently closed minicircles did
not immunoprecipitate. When a superhelical density of about

0.1 is induced in plasmid pBR322, a short sequence of alter-
nating purines and pyrimidines is converted to Z-DNA (19).
Since none of the 25 known T. brucei minicircle sequences (10)
contain such regions with a propensity to form Z-DNA (as de-
termined using ZHunt software [http://gac-web.cgrb.oregonstate
.edu/zDNA/] (31), it may take a higher superhelical density to
induce a region of left-handed helix in minicircles. Because
it is underwound, fraction S minicircles also have some unpaired
sequences as judged by its binding to E. coli single-strand binding
protein. We did not determine the linking number of the
underwound fraction S molecules, because minicircle size and
sequence heterogeneity preclude resolution of topoisomers on
one-dimensional gels without ethidium bromide (Fig. 4B) and on
two-dimensional chloroquine gels (not shown) (21). Also, the
linking number of fraction S minicircles apparently increased
during the time course of RNAi as judged by its increase in
electrophoretic mobility (Fig. 3A). In an earlier study concern-
ing simian virus 40-infected cells treated with aphidocolin (an
inhibitor of DNA polymerase ), the partially replicated mol-
ecules became supertwisted and developed regions of Z-DNA
after isolation (4).
The effects of p38 on kDNA replication are likely medi-
ated by its binding to the replication origin, near the start
sites for the leading strand and the first Okazaki fragment
(Fig. 6). The smallest oligonucleotides to which we could
detect binding were 40 nucleotides long. We have yet to
TGTGTATGTGTATTTTTGCACGCCCTTAAGATTT-3	(hexamer underlined); c	, 5	-AAATCTTAAGGGCGTGCAAAAATACACATACAC
AAATCCC-3	; d, 5	-AGCATCTGGCTTACTGAAGCAGACCCTATCATCT-3	; e, dsDNA produced by annealing oligonucleotides a and a	;
f, dsDNA produced by annealing oligonucleotides c and j (5	 TTAAATCTTAAGGGCGTGCAAAAATACACATACAC-3	); g, 5	-GGGGTTG
GTGTA-3	; h, 5	-TTGCACGCCCTTAA-3	; and i, 5	-TGTGTGTGTGTGTGTGTGTGTGTGTGTGTG-3	. Oligonucleotides were 5	 labeled
with polynucleotide kinase except for oligonucleotides e and f, which were labeled with [-32P]dATP by filling in the ends using Klenow fragment.
For EMSA, GST-p38 (0.8 pmol/assay) was used for oligonucleotides a, a	, b, b	, c, c	, d, and i (10 fmol/assay); GST-p38 (3.2 pmol, 6.4 pmol/assay)
were used for oligonucleotides e and f (20 fmol/assay); GST-p38 (3.1 pmol/assay) were used for oligonucleotides g and h (20 fmol/assay). (D)
Competition experiments. In these experiments, 0.8 pmol GST-p38 was used for each assay. Lane 1, oligonucleotide a	 or c only; lane 2,
oligonucleotide a	 or c and GST (1.9 pmol); lane 3, oligonucleotide a	 or c and GST-p38; lanes 4 to 13, GST-p38 incubated with 32P-labeled
oligonucleotide a	 or c (10 fmol/assay) in the presence of increasing concentrations of unlabeled competitors d, a	, or c (5-, 10-, 20-, 50-, and
100-fold). (E) Increasing amounts of GST-p38 (0, 0.2, 0.4, 0.8, 1.6, 3.2, and 6.4 pmol) were incubated with 32P-labeled oligonucleotide a	 (lanes
1 to 7) or c (lanes 8 to 14). (F) Scatchard plot (17) of binding of oligonucleotide a	 (containing UMS) and oligonucleotide c (containing hexamer).
Binding reaction mixtures contained 3.1 pmol of GST-p38. The intercepts on the x axis were 700 pM for oligonucleotide a	 and 510 pM for
oligonucleotide c. These values indicate that only about 0.4% of the GST-p38 protein was active in binding.
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determine the boundaries of the p38 binding sites and the
functional relationship of p38 to UMSBP, the well-studied
protein that binds both to the 12-nucleotide sequence (the
UMS) complementary to the 5	 end of the leading strand
and to a short sequence encompassing the 5	 end of the first
Okazaki fragment (34).
One unexpected finding concerned p38’s intramitochon-
drial localization. Like most other replication proteins, it
localizes to specific sites around the kDNA disk (13, 34).
Surprisingly, it localized in (or near) the antipodal sites
where later stages of replication (such as primer removal,
gap filling, and ligation) are thought to occur (13). We had
expected p38 to be in the kinetoflagellar zone, the site of
replication initiation. However, recently it became clear that
the antipodal sites are more complex than previously
thought. T. brucei ligase k and topoisomerase II do not
precisely colocalize (2), suggesting that the antipodal sites
contain subdomains. p38 may localize in a subdomain sep-
arate from those where the late stages of replication occur.
The antipodal subdomain could be a storage site for p38,
and it could migrate to the kinetoflagellar zone where it
would facilitate replication initiation.
How does RNAi-induced loss of p38 cause accumulation of
fraction S? The most likely explanation is that covalently
closed free minicircles, the substrates of replication, are par-
tially unwound by a helicase and topoisomerase (Fig. 7B).
Unwinding may initiate at the replication origin and may be
triggered by UMSBP, the origin recognition protein. In the
absence of p38, there is no synthesis of either the leading or
lagging strand. When p38 is present (Fig. 7A), there is synthe-
sis of both daughter strands, leading to unidirectional replica-
tion via a -structure.
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